The Standard Model (SM) plus a real gauge-singlet scalar field dubbed darkon (SM+D) is the simplest model possessing a weakly interacting massive particle (WIMP) dark-matter candidate. In this model, the parameters are constrained from dark matter relic density and direct searches. The fact that interaction between darkon and SM particles is only mediated by Higgs boson exchange may lead to significant modifications to the Higgs boson properties. If the dark matter mass is smaller than a half of the Higgs boson mass, the Higgs boson can decay into a pair of darkons resulting in a large invisible branching ratio. The Higgs boson will be searched for at the LHC and may well be discovered in the near future. If a Higgs boson with a small invisible decay width will be found, the SM+D model with small dark matter mass will be in trouble. We find that by extending the SM+D to a two-Higgs-doublet model plus a darkon (THDM+D) it is possible to have a Higgs boson with a small invisible branching ratio and at the same time the dark matter can have a low mass. We also comment on other implications of this model.
I. INTRODUCTION
Various astronomical and cosmological observations show that there is dark matter (DM) making up about 20% of the energy of our universe. Although the evidence for DM has been established for many decades, the identity of its basic constituents has so far remained elusive. One of the popular candidates for DM is the weakly interacting massive particle (WIMP). Among a large number of possible WIMPs, the lightest supersymmetric particle has been studied most. Although this possibility has many attractive features, direct experimental evidence for it has not been discovered. There are other possible WIMPs which can explain the DM relic density. The simplest model is the SM+D, which extends the SM by the addition of a real gauge-singlet scalar field D. This singlet field, the darkon field, can play the role of DM. The darkon as DM was first considered by Silveira and Zee [1] . Implications of this model and some variations of it have been explored by other groups [2] [3] [4] [5] [6] [7] [8] [9] [10] . In the SM+D model, interactions between darkon and SM particles are only through Higgs boson exchange. This may lead to significant modifications to the Higgs boson property.
At present the DM mass is not known. It can be as heavy as a few hundred GeV to a few TeV from indirect DM search [11] , such as PAMELA [12] , ATIC [13] and FERMI-LAT [14] . A DM of mass 50 to 70 GeV may also explain the gamma-ray excess observed in the EGRET data [15] . There are also evidences, such as DAMA [16] and CoGeNT [17] , indicating that the DM mass can be as low as a few GeV. The implications with a light or heavy DM can be very different. If the DM mass is smaller than a half of the Higgs boson mass, in the SM+D model the Higgs boson can decay into a pair of DM fields, which results in a large invisible branching ratio for the Higgs boson. The Higgs boson will be searched for at the LHC and may well be discovered in the near future. If a Higgs boson with a small invisible decay width will be found, the SM+D model with small DM mass will be in trouble. Other direct search of DM also provide constraints on the DM mass in this model [18] [19] [20] . In this work we study implications of low DM mass on SM+D and a two-Higgs-doublet extension (THDM+D). We find that in THDM+D it is possible to have a Higgs boson with a small invisible branching ratio and at the same time the DM can have a low mass in the a few GeV to about a half of Higgs boson mass range.
Before discussing THDM+D, let us briefly summarize the main results of the DM in the SM+D model. Since the darkon D must interact weakly with the SM matter fields and be stable to play the role of DM, the simplest way to introduce the darkon is to impose a discrete Z 2 symmetry so that it can only be created or annihilated in pairs. In a renormalizable theory D can only couple to the Higgs doublet field H. So besides the kinetic energy term
the Lagrangian of the darkon interaction part takes the form [1, 3] 
where λ D , m 0 , and λ are free parameters. L D is invariant under the Z 2 symmetry where only D is odd and all other SM fields are even. The parameters in the potential should be carefully chosen such that D does not develop a vacuum expectation value (vev) and the Z 2 symmetry is unbroken, which will ensure that the darkon does not mix with the Higgs field and thus possible fast decays into other SM particles will be avoided.
The Lagrangian in Eq. (1) can be rewritten to describe the interaction of the physical Higgs boson h with the darkon as
where v = 246 GeV is the vev of the neutral component of H, the second term contains the darkon mass m D = m 2 0 + λv 2 1/2 , and the last term, −λvD 2 h, plays an important role in determining the relic density of the DM. At the leading order, the relic density of the darkon results from the annihilation of a darkon pair into SM particles through Higgs exchange, namely DD → h * → X, where X indicates SM particles.
Since the darkon is cold DM, the speed of darkon is highly non-relativistic and the invariant mass of a darkon pair is roughly √ s ≃ 2m D . Given the determined SM+D Lagrangian, the h-mediated annihilation cross-section of a darkon pair into SM particles is then given by [3] 
where The elastic cross section of DM with nucleon can also be calculated and compared with the direct DM search data. The cross section is given by
where the approximation
is given by
In the SM+D, the Higgs-nucleon coupling g SM N N h is obtained by setting k u = k d = 1 in the equation above. The Higgs-nucleon coupling has been studied in the context of the SM [23] [24] [25] . We will use the numerical value for g N N h in Ref. [10] based on chiral perturbation theory estimate,
The h → DD decay width is given by
There are only a small number of unknown parameters in this model. Besides the Higgs boson mass m h , the other two unknown parameters we concern are the darkon mass m D and the coupling constant λ. For a given m h , the standard relic density calculation [26, 27] can be used to constrain the allowed parameter space for m D and λ. With this constraint, the cross section for direct DM search can be calculated and then compared with the current direct DM searching data, which further constrains the parameter space allowed. Finally one can calculate the invisible branching ratio of h → DD if m D is smaller than m h /2. The predicted Higgs boson invisible branching ratio can then be tested at the LHC. The main results are shown in Figs. 1 and 2 , in which the models produce the DM relic density in the 90% C.L. range derived from the new WMAP7 results [28] , [16] , CoGeNT [17] , CDMS [18] and XENON [19] . Future projected experimental sensitivities for superCDMS [21] and Xenon100+ [22] are also shown. It can be seen from Fig. 1 that a low mass DM roughly in the range of 10 GeV to a half of Higgs boson mass is in conflict with direct DM search. But the region below is still possible and may accommodate the DAMA or the CoGeNT data. It can also be clearly seen in Fig. 2 that when the DM mass is low enough that h → DD is kinematically allowed, the properties of the Higgs boson will be dramatically affected. The Higgs boson will decay predominately into a pair of darkons, which leads to a large invisible branching ratio as shown in Fig. 2 . The invisible decay of Higgs boson can be detected only if there are additional objects produced together with the Higgs boson, since a hadron collider only measures the transverse missing energy. Thus the invisible decay of the Higgs boson can be detected in the associated production channels like (Zh), (tth) and (qqh) [29, 30] , which has been further studied in detail in a recent ATLAS analysis [31] . A low DM mass will be ruled out if a Higgs boson with a small invisible decay branching ratio is found at the LHC.
In this work we investigate whether a low mass DM and a Higgs boson with a small invisible branching ratio are able to be reconciled in two Higgs doublet extensions of darkon models (THDM+D). We find that such a possibility can actually be realized in this model.
II. TWO-HIGGS-DOUBLET MODEL WITH A DARKON
Depending on how the two Higgs doublets H 1 and H 2 couple to the fermions in the SM, there are three types of THDM [32] . In the THDM I, only one of the Higgs doublets gives masses to all the fermions. In the THDM II, the up-type fermions get mass from only one of the Higgs doublets, say H 2 , and the down-type fermions from the other doublet. In the THDM III, both H 1 and H 2 give masses to all the fermions.
Since only one Higgs doublet generates the fermion masses in the THDM I, the Higgs couplings to fermions are the same as in the SM, up to an overall scaling factor. Therefore the Higgs couplings in the THDM I+D are similar to those in the SM+D studied in the previous section and thus cannot help to ease the tension between the direct searches and the invisible branching ratio. In the THDM III, there are flavor-changing Higgs-quark couplings which introduce too many parameters for the model to be predictable. So we will concentrate on the THDM II with a darkon field (THDM II+D).
The Yukawa interactions of the Higgs fields in the THDM II are given by [32] 
where Q, U, D, L, and E represent the usual quark and lepton fields and λ u,d,l are Yukawa couplings. A discrete Z ′ 2 symmetry, under which H 2 and U R are the only odd fields, has to be introduced to
to obtain the Yukawa couplings above. The Higgs doublets can be decomposed as
where k = 1, 2 and v k is the vev of the neutral component of H k . Here h + k and I k are related to the physical Higgs bosons H + and A and the would-be Goldstone bosons w and z by
with tan β = v 2 /v 1 , while h k can be expressed in terms of mass eigenstates h and H as
where the angle α is the mixing of the two CP -even Higgs bosons. The would-be Goldstone bosons z and w ± will be eaten by Z and W ± respectively. In the limit where α = β, h has the same couplings to other SM particle as the Higgs boson in SD+D model. Then h is the SM-like Higgs in this sense. There are, however, enough degrees of freedom in the Higgs potential where the mixing angle α can have a large deviation from β, and h can also be either lighter or heavier than H. We will consider both mass hierarchy cases in our discussion later.
Various couplings of Higgs bosons to the other SM fields and the darkon can then be re-written in the mass eigenbasis. In analogy to Eq. (1) in the SM+D case, in the THDM II+D we have the renormalizable darkon Lagrangian
As in the SM+D, we have again imposed the Z 2 symmetry under which only D is odd. For the same reasons it has to be unbroken. This Lagrangian also respects the Z ′ 2 symmetry mentioned earlier.
After electroweak symmetry breaking, the darkon Lagrangian L D contains the D mass term and the DD(h, H) terms are given by [10] 
where
There is, however, no DDA term in L D . Since m 0 , λ 1 and λ 2 are all free parameters, we can treat the darkon mass m D and the effective couplings λ h,H as new free parameters in this model. From Eq. (8), the Yukawa interactions of h and H are described by [32] 
We have not written down the couplings of the CP -odd Higgs boson A to fermions because it does not couple to D. Consequently A is irrelevant to our darkon relic-density study and direct DM search.
We now write down explicitly the couplings between the CP-even Higgs bosons and the vector bosons which are relevant to the Higgs decay calculation. We also give the DD(hh, HH, H + H − ) interaction needed to evaluate the darkon annihilation rate if the mass of the DM is larger than the W , Z and the physical Higgs boson masses [32] .
The existence of an additional CP even Higgs boson will modify the SM+D model in several ways. First of all, the couplings of two Higgs bosons to the SM particles are different not just from those in the SM+D model but also from each other. Second, the couplings are able to be adjusted to accommodate a dark matter with mass ranged from O(1) GeV to O(10) GeV whose relic density is consistent with direct DM searches. Finally the additional Higgs boson also provides the possibility of allowing the lighter one of the two CP even Higgs boson with a small invisible branching ratio to be discovered at the LHC while the heavier Higgs boson is responsible for the DM relic density and direct searches.
III. DM RELIC DENSITY, DIRECT SEARCH AND HIGGS WIDTH IN THDM II+D
Since in general both of the two CP even Higgs bosons h and H couple to dakron fields, the DM relic density calculation is modified. The annihilation ratio is given by,
where Γ H → X i indicates the decay width of H into SM particles with a virtual mass of 2m D , similar to that for h in Eq. (3).
The cross-section of the darkon-nucleon elastic scattering is also modified to include two contributions
where, from Eq. (5) and results in Ref. [10] , the nucleon coupling to H = h or H is
The parameters k H q are read off from Eq. (14) to be
Due to the extra new parameters in the model, there are more possibilities compared with the SM+D model in regard to the range of DM mass and the branching ratio of the Higgs boson invisible decay.
The most similar way to SM+D is that the lighter one of the two CP-even Higgs bosons, h or H, will be discovered at the LHC and this Higgs boson also couples to darkon pairs responsible to produce the right amount of DM relic density. Similar to the results found in Ref. [10] that without cancelation among different contributions to the Higgs boson interaction with nucleon, the DM mass roughly in the range of 10 GeV to a half of the Higgs boson mass is ruled out, approximately leaving a small range of 2 GeV to 10 GeV allowed.
If the DM mass turns out to be roughly between 10 GeV and a half of the Higgs boson mass, additional cancelation mechanism should be in effect to accommodate this. It has been pointed out that this cancelation mechanism can indeed happen [10] . Because of the extra new parameters in the model we consider, cancelation among different contributions to the DM direct search is possible if
Since m B is related to σ πN and σ πN is not well determined, the numerical value of k h d /k h u has a sizable uncertainty for 35 MeV < ∼ σ πN < ∼ 80 MeV [24, 25, 33] . Nevertheless, we have checked that the main conclusion of this section still holds for σ πN in this range. For definiteness, from now on we employ σ πN = 45 MeV [24] .
Given these input values, there is a cancelation in the direct DM search cross section, if numerically k [21, 22] .
For this case, we find that even a smaller invisible Higgs decay branching ratio can be made by changing the value of tan β since this can lead to a smaller λ h,H compared to λ in SM+D, it is still significantly larger than the SM prediction. If the LHC will find a light Higgs with very small invisible Higgs boson branching ratio, this scenario will be ruled out. In Figs. 3, 4 and 5 we show two examples of this scenario assuming that the lighter Higgs boson is H or h which is also responsible to DM physics. In the case for H, k
In both cases we use tan β = 1 with m H = 120, 150, 200 GeV for illustrations. There are some detailed differences for the two cases, but the general features are similar. It can be seen from the plots that the Higgs invisible branching ratios are very large. We have checked for other values of tan β. We find that although by varying tan β, a smaller invisible width for H(h) → DD can be obtained, the invisible branching ratio is always very large.
Given two CP-even Higgs bosons, it is also possible that the lighter Higgs boson which will be discovered at the LHC does not play a significant role in the DM physics, and the DM relic density is mainly determined by the interaction between the heavier Higgs and the darkon. This possibility can be easily realized if the coupling constant of the lighter Higgs to be discovered at the LHC and the darkon pair, λ h,H , is almost zero such that it is not directly related DM annihilation and direct search.
We now discuss these possibilities in detail. We will consider two cases, a) h is lighter than H with λ h = 0, and b) H is lighter than h with λ H = 0.
In case a), since λ h = 0, even if m D is smaller than m h /2, the process h → DD has vanishing decay width and therefore a large invisible branching ratio of h is forbidden. The branching ratios of h for other decay modes, however, will be different than those in SM+D because of the dependence on the mixing angles α and β. If the coupling λ H is not zero, H will interact with darkon. Requiring this interaction to produce the right DM relic density, the parameters are constrained. The same interaction will control the direct DM search cross section. One can use the same cancelation mechanism for direct DM search cross section discussed earlier to allow DM mass as wide a range as possible. , we will assume the charged-Higgs has a mass larger than 250 GeV. We notice that the two choices of tan β roughly span the range allowed by various experimental and theoretical constraints [34] . In Fig. 6 the coupling constant λ H is bigger than 1 in the low m D range which seems to spoil the perturbation. But a careful study of the perturbative unitarity of darkon-Higgs interaction at the tree level [7] suggests that perturbation would not break down if |λ H | < 4π. The obscurity between perturbation and non-perturbation [8] also suggests a less constrained condition |λ
2 . In all, the perturbativity of the theory is not spoiled in the parameter space we choose.
In case b), h and H just exchange their roles. Thus the condition for the cancelation in di- rect detection cross section will be modified to, k In both cases, a) and b), the allowed parameters can make the direct detection cross section to be close to the current bounds. Future experimental data can further narrow down the parameter spaces. The difference with different choices of tan β is more prominent in the lighter Higgs boson decay branching ratios. With small and large tan β, the lighter Higgs boson branching ratios arevery different. This is because for large tan β the branching ratios of Higgs to down-type fermion decay are largely enhanced due to large down-type Yukawa couplings with large tan β. Comparing experimental data with theoretical predictions for branching ratios, information on mixing parameter α of the two CP even Higgs boson can be obtained. Therefore LHC data can also help to further narrow down the parameter space. 
IV. DISCUSSIONS AND CONCLUSIONS
As the simplest extension to the Standard Model, the SM+D not only provides a dark matter candidate but also modifies the Higgs physics dramatically. This model has only a smaller number of parameters. A big range of DM mass, roughly from 10 GeV to half of the Higgs boson mass, is ruled out from experimental data on DM relic density and direct search cross section. The Higgs boson in this model always has very large invisible branching ratio if the darkon is lighter than a half of the Higgs boson mass, because of the sizable darkon-Higgs interaction coupling. As seen in Fig. 2 , the Higgs boson invisible branching ratio is increasing for smaller Higgs mass, since the Higgs partial width into SM particles is suppressed. The large invisible widths will change the traditional paradigm used for Higgs hunting. Although difficult, it may still be possible for such a Higgs to be detected directly at CMS through the usual SM modes with 30 fb −1 of integrated luminosity [9] or by missing transverse energy search at ATLAS [9, 31, 35] . If no large invisible decay width for Higgs boson will be found, the possibility of a low DM mass smaller than half of the Higgs boson mass will be ruled out.
In THDM+D, there are two CP-even Higgs bosons and both couple to the DM darkon field. There are a few extra parameters, which does not help to make the Higgs invisible width much smaller if we continue to consider the strategy in SM+D, namely the Higgs boson to be detected at the LHC is also the one responsible for the DM relic density. If we change the strategy and let one Higgs boson to be detected at the LHC and the other one to be responsible for the DM relic density, the situation changes instantly. It is possible to have cancelation in the direct DM detection cross section allowing DM mass to be in the range ruled out in the SM + D model. The decay branching ratio of the Higgs boson, which is the usual one to be detected at the LHC, shows a familiar change for small and large tan β as in the other two Higgs doublet models like the THDMII and Minimal Supersymmetric Standard Model.
In conclusion, we have studied the constraints from DM relic density, direct searches and some implications for the collider experiments in both SM+D and THDM+D. In the SM+D, a darkon with mass roughly in the ranges of 10 GeV to half of the Higgs boson mass is ruled out as a WIMP candidate by the direct searches. For DM roughly lighter than 10 GeV, the invisible branching ratio is always very large which may be ruled out if a small invisible width for Higgs boson will be found at the LHC. In THDM+D, the experimental limits can be circumvented due to suppression of the darkon-nucleon elastic cross-section at some values of α and β. However, if the Higgs boson is responsible for dark matter physics and also be detected at the LHC, using the darkon-Higgs coupling extracted from the DM relic density, the invisible branching ratio of the would be substantial increase by a large contribution from the invisible mode h → DD, if kinematically allowed. If a Higgs boson with a small invisible decay width will be found at the LHC, the possibility will also be in trouble. We find that with THDM+D, it is possible to adjust parameters such that one of the Higgs bosons is primarily responsible for the DM relic density. The additional Higgs boson to be the lighter one to be detected at the LHC with a small invisible branching ratio. Future DM search experiments can further constrain the parameter space of the model. This could significantly affect Higgs searches at the LHC, we expect that it will still be able to probe the darkon model.
